ABSTRACT Naturally transformable bacteria acquire chromosomal DNA from related species at lower frequencies than from cognate DNA sources. To determine how genome location affects heterogamic transformation in bacteria, we inserted an nptI marker into random chromosome locations in 19 different strains of the Acinetobacter genus (.24% divergent at the mutS/trpE loci). DNA from a total of 95 nptI-tagged isolates was used to transform the recipient Acinetobacter baylyi strain ADP1. A total of .1300 transformation assays revealed that at least one nptI-tagged isolate for each of the strains/species tested resulted in detectable integration of the nptI marker into the ADP1 genome. Transformation frequencies varied up to $10,000-fold among independent nptI insertions within a strain. The location and local sequence divergence of the nptI flanking regions were determined in the transformants. Heterogamic transformation depended on RecA and was hampered by DNA mismatch repair. Our studies suggest that single-locus-based studies, and inference of transfer frequencies from general estimates of genomic sequence divergence, is insufficient to predict the recombination potential of chromosomal DNA fragments between more divergent genomes. Interspecies differences in overall gene content, and conflicts in local gene organization and synteny are likely important determinants of the genomewide variation in recombination rates between bacterial species.
H
ORIZONTAL gene transfer (HGT) contributes to bacterial evolution by providing access to DNA evolved and retained in separate species or strains (Cohan 1994a,b; Bergstrom et al. 2000; Ochman et al. 2000; Feil et al. 2001; Koonin 2003; Lawrence and Hendrickson 2003; Fraser et al. 2007) . Multilocus sequence typing (MLST) has provided strong evidence for frequent transfer and recombination of chromosomal DNA between related bacterial strains within the same species (Maiden et al. 1998; Enright et al. 2002) . HGT occurring by natural transformation allows bacteria to exploit the presence of nucleic acids in their environment for the purposes of nutrition, DNA repair, reacquisition of lost genes, and/or acquisition of novel genetic diversity (Redfield 1993; Mehr and Seifert 1998; Dubnau 1999; Claverys et al. 2000; Szö llö si et al. 2006; Johnsen et al. 2009 ). It can be inferred from observations of the presence of extracellular DNA in most environments that bacteria are constantly exposed to DNA from a variety of sources, without such exposure necessarily producing observable changes in the genetic compositions of bacterial populations over evolutionary time (Thomas and Nielsen 2005; Nielsen et al. 2007a,b) .
The absence of sequence similarity between the donor DNA and the DNA of the recipient bacterium is the strongest barrier to the horizontal acquisition of chromosomal genes in bacteria (Matic et al. 1996; Vulic et al. 1997; Majewski 2001; Townsend et al. 2003) as illegitimate recombination occurs only at extremely low frequencies in bacteria (Hü lter and Wackernagel 2008a). Single-locus transfer models have been extensively applied and have demonstrated a log-linear decrease in recombination frequencies with increasing sequence divergence for Bacillus subtilis (Roberts and Cohan, 1993; , Acinetobacter baylyi (Young and Ornston 2001) , Escherichia coli (Shen and Huang 1986; Vulic et al. 1997) , and Streptococcus pneumoniae (Majewski et al. 2000) . For instance, heterogamic transformation between nonmutator isolates at the rpoB locus of B. mojavensis is undetectable at sequence divergences .16.7% and between S. pneumoniae isolates with sequence divergences .18% (Majewski et al. 2000) . In A. baylyi, the nonmutator sequence divergence limit for detectable transformation at the pcaH locus of strain ADP1 was found to be 20% (Young and Ornston 2001) , and up to 24% Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under accession nos. GQ178006-GQ178024 (trpE ), GQ178025-GQ178043 (mutS), and GQ178044-GQ178062 (16S rRNA). 1 overall divergence yielded transformants at 16S rRNA loci in strain DSM587 (Strätz et al. 1996) .
Several recent studies also show that short stretches (,200 bp) of DNA sequence identity can facilitate additive or substitutive integration of longer stretches (.1000 bp) of heterologous DNA in bacteria (Prudhomme et al. 1991 (Prudhomme et al. , 2002 de Vries and Wackernagel 2002; Hü lter and Wackernagel 2008a) . Thus, the uptake of DNA in bacteria can facilitate larger substitutions within gene sequences and the integration of additional DNA material on the basis of recombination initiated in flanking DNA stretches (either at one or both ends) with high sequence similarity (Nielsen et al. 2000) . On the other hand, segments of heterologous DNA interrupting the synteny of homologous DNA have also been shown to be a barrier in intraspecies transformation in S. pneumoniae Sicard 1996, 1999) .
The various studies of the interspecies transfer potential of single genes demonstrate that the immediate local sequence divergence of the transferred locus is of high importance in determining recombination frequencies in hosts up to 20% divergent (at the housekeeping gene level). However, it can be hypothesized that the broader structural, organizational, and biochemical properties of the genome region surrounding a particular locus will determine its transfer potential to more divergent host species (Cohan 2001; Lawrence 2002) . The interspecies transfer potential of various genome regions/loci between more diverged species (.20% at the housekeeping gene level) may therefore differ substantially from a log-linear model (determined experimentally for more closely related species) as local gene organization becomes less conserved with evolutionary time. The barriers to gene exchange between divergent bacterial species is likely a combination of inefficient recombination due to both mismatched base pairs (the main determinator in the log-linear model) and conflicting gene order and organization across the local recombining DNA regions. In addition, selective barriers due to negative effects on host fitness of the transferred DNA regions may become increasingly important for the removal of recombination events from the bacterial population. Recent bioinformatics-based genome analysis of E. coli and Salmonella genomes suggests various parts of the bacterial genome may have different suceptibilities to undergo evolutionarily successful recombination leading to temporal fragmentation of speciation (Lawrence 2002; Retchless and Lawrence 2007) . Nevertheless, few studies have experimentally tested the effect of variable species and chromosome locations of genes on their transfer potential between bacteria (Ravin and Chen 1967; Ravin and Chakrabarti 1975; Siddiqui and Goldberg 1975; Cohan et al. 1991; Huang et al. 1991; Fall et al. 2007) .
Here, we determine to what extent genome location contributes to sexual isolation between the recipient A.
baylyi strain ADP1 and 19 sequence divergent (24-27% divergent at the mutS/trpE loci) donor Acinetobacter strains and species (carrying a selectable nptI gene in a total of 95 random genome locations).
MATERIALS AND METHODS

Bacterial strains and cultures:
The Acinetobacter wild-type strains used in this study are listed in Table 1 (Kickstein et al. 2007) . A. baylyi control strains that carried chromosomally located kanamycin-resistance (km R ) were KTG (Rp R chrT nptII) (Nielsen et al. 1997 ) and ADP1200-2, which is ADP1200 (Kok et al. 1999 ) with a km R cassette [(ACIAD3309)T nptIII; km R ]. Except for the mutSTV mutant, none of the strains used are known mutators. All bacteria were grown in Luria-Bertani medium (LB) at 32°with aeration. A. baylyi Rp R was grown in LB with 50 mg/ml rifampicin (LBR) except when noted.
Sequence divergence estimates: Each strain was subjected to DNA sequence determination (BigDye chemistry) at the 16S rRNA, trpE, and mutS loci. The trpE and mutS genes were amplified from DNA using degenerate primers as described previously (Young and Ornston 2001) . The PCR products obtained were cloned into pCR2.1 TOPO plasmid (Invitrogen), end sequenced using M13 primers, and further primer walked until completion. The 16S rRNA gene was amplified with universal 16S primers and sequenced from ExoSAP-IT (USB Chemicals) treated PCR product. The accession numbers of all 16S rRNA, mutS and trpE sequences are given in Table 1 .
The representativeness of the mutS and trpE genes of overall housekeeping gene divergence between species was assessed by comparing an additional 20 other protein coding genes (from the sequenced A. baylyi ADP1 genome to the A. baumannii AYE genome, accession no. CU459141). Ten genes were chosen for comparison on the basis of their previous use in MLST analysis ( Jolley et al. 2004; Bartual et al. 2005; Ecker et al. 2006) ; gyrB, rpoD, gltA, recA, pgi, groEL, adk, efp, mutY, and ppa. An additional 10 genes were identified at random using the true random number generator located at www.random.org. (ACIAD nos. 600, 674, 819, 927, 1213 (ACIAD nos. 600, 674, 819, 927, , 1970 (ACIAD nos. 600, 674, 819, 927, , 2330 (ACIAD nos. 600, 674, 819, 927, , 2513 (ACIAD nos. 600, 674, 819, 927, , 2535 . The identified genes were included if they had annotated homolog genes in the genome of A. baumannii AYE as identified by the Artemis Comparison Tool (Carver et al. 2005) . Pairwise comparisons were performed at the nucleotide level with the software MegAlign (Lasergene package v. 8, DNASTAR, Madison, WI) by the clustalW matrix and the percentage of identity calculated.
Generation of an Acinetobacter library with random nptI insertions: Each of the 20 Acinetobacter wild-type strains used in this study was subjected to random transposon insertion using the EZTTN hKAN-2i Tnp Transposome kit (Epicentre Technologies) according to the manufacturer's protocol. After selection for growth on LBK up to 13 random km R colonies from each parent strain were isolated, cultured for analysis and DNA isolation, and stored in 20% (v/v) glycerol at À70°.
DNA isolation and characterization of the Acinetobacter library: All strains used in this study, including wild type and those containing nptI-insertions, were screened for verification of kanamycin sensitivity or acquired resistance using kanamycin E-test strips (AB Biodisk). Genomic DNA was isolated from bacterial cultures using Genomic-tip 500-g DNA tips (QIAGEN). DNA was resuspended in sterile TE buffer, pH 8.0, and the DNA concentration measured in duplicate using a spectrophotometer SpectraMax 190 (Molecular Devices) or Nanodrop ND-1000 (Nanodrop Technologies). The concentration of each sample was accordingly adjusted to 0.5 mg/ml and samples were stored at À70°. Uniform quality of DNA was confirmed by agarose gel electrophoresis.
Each wild-type Acinetobacter strain and all transposoncarrying isolates were tested by PCR for the absence or presence of the nptI gene using the primers EZTN-KAN-2LP480 59-ATT CAG GTG AAA ATA TTG TTG ATG C-39 and EZTN-KAN-2RP1154 59-CAC GGT TGA TGA GAG CTT TG-39 and HotStar Taq Master Mix (QIAGEN). The 675-bp internal nptI segment (bases 480-1154) was amplified with the following parameters: 95°for 15 min, 30 cycles of 95°for 1 min, 65.5°f or 1 min, and 72°for 1 min, 72°for 10 min, and 4°until sample analysis. Southern blot hybridization of EcoRI digested genomic DNA was performed to determine the copy number, and uniqueness of nptI insertions in each km R isolate. EcoRI does not cut within the nptI gene. A 398-bp internal segment from the nptI sequence found in the EZTTNhKAN-2i Transposome construct was amplified by PCR using the primers EZTNKAN-2LP147 59-ATT CAA CGG GAA ACG TCT TG-39 and EZTNKAN-2RP545 59-AAC AGG AAT CGA ATG CAA CC-39 with the following parameters: 95°for 15 min, 30 cycles of 95°for 30 sec, 62°for 20 sec, 72°for 30 sec, 72°for 10 min, and 4°until analysis. The 398-bp PCR product was purified using the QIAQuick PCR purification kit (QIAGEN) and labeled using the random-primed DIG-labeling kit (Boehringer Mannheim). Five micrograms of genomic DNA was digested with EcoRI (New England Biolabs) in fivefold excess. Purified EcoRI-digested DNA was separated by agarose gel electrophoresis for 18 hr at 35 V in a 0.8% agarose gel. DIG-labeled DNA molecular weight marker II (Roche Diagnostics) was included as a size marker. Separated DNA fragments were transferred to a positively charged nylon membrane (Roche Diagnostics). Hybridizations were carried out at 68°, and detection performed using the DIG luminescence detection kit (Boehringer Mannheim).
Individual isolates producing hybridization signals indistinguishable from other isolates of the same parent strain were retained as unique clones only if their transformation frequency and (ultimately) flanking sequences (see below) were unique; those isolates with indistinguishable hybridization signals and identical flanking sequences were concluded to be clonal and all but one were excluded from use in transformation experiments.
Preparation of naturally competent cells: Competent cells were cultivated by diluting an overnight culture of the appropriate recipient strain 1:100 into 100 ml LB or LBR. The culture was incubated at 32°with 200 rpm shaking until the OD 600nm % 0.6 (filter transformation) or until the titer reached 1 3 10 9 ml À1 determined using a counting chamber (liquid transformation). Cells were pelleted by centrifugation in a SS-34 rotor (Sorvall) for 15 min at 4000 rpm and resuspended in LB amended with 15% (v/v) glycerol to yield a cell density of 1.0 3 10 9 cells ml À1 (filter transformation) or 1.0 3 10 10 cells ml À1 (liquid transformation). One-milliliter aliquots of the suspensions were stored at À70°until use.
Transformation experiments on filter discs and statistical analyses: Filter transformations were performed as described previously (Ray and Nielsen 2005) . All transformation frequencies are reported as the number of transformants per viable recipient cell (transformants per recipient), with a minimum of three replicates each (Table 2) . Average transformation frequency and 95% confidence intervals for each isolate were calculated from all filter transformations for that isolate. Single replicates that were below the limit of detection were excluded from the calculations of the frequency, resulting in the most conservative estimation of transformation frequency for these isolates. For isolates from which no transformants were obtained for any replicates, the average limit of detection was instead calculated. Where the number of replicates was greater than two and the error did not overlap the limit of detection, the 95% confidence interval was calculated for each nptI-tagged isolate to determine statistical significance of variance between individual isolates of the same parent Acinetobacter strain. When the transformation frequency was below detection limits, the specific limit of detection was calculated to be less than the resulting transformation frequency where one transformant is found among the total recipient bacteria enumerated for one filter.
A positive control using A. baylyi strain KTG (km R ) chromosomal DNA was included to verify recipient cell competence and consistency of incubation conditions. Negative controls consisted of untreated sterile filters, or recipient cells treated with sterile saline instead of transforming DNA. Finally, DNA from the kanamycin-sensitive wild-type strain was included as a negative control in each experiment. Random recipient and transformant colonies were in some experiments checked for the absence or presence of the nptI gene by PCR analysis of heat-treated cell lysates (675-bp internal nptI target segment, see above).
Transformation experiments in liquid medium: Experiments involving A. baylyi ADP1 DNA metabolism mutant strains as recipients were performed as liquid transformation assays in 2-500 ml LB as described previously (de Vries and Wackernagel 1998) . When the recipient was the recA mutant, a minimum of 5 km R transformants obtained with each donor DNA were verified as recA by tetracycline resistance and sensitivity to UV irradiation. Km R transformants obtained with the mutS recipient strain were confirmed by their streptomycin resistance (minimum five per experiment).
Direct sequencing of genomic DNA to determine the location of nptI insertions: Genomic sequencing was performed as described (Wang et al. 2000) with the following modifications: 20-ml sequencing reactions consisted of 8 ml BigDye v3.1 sequencing mix (Applied Biosystems), 5 pmol of primer (left end, EZTN-KAN2RP292 59-AAC TCT GGC GCA TCG GGC TTC C-39 or right end, EZTN-KAN2LP1046 59-TTG AAG GAT CAG ATC ACG CAT CTT CCC G-39), and $3.5 mg DNA. Both left and right end flanking sequencing were determined for a total of 95 transformants, and 13 transformants obtained with isogenic A. baylyi nptI-tagged DNA. Seven of the initial transformants were excluded from further study as the right-and left-end flanking sequences did not concur. Sequencing reactions were run with the following parameters: 95°for 5 min followed by 100 cycles of 99°for 30 sec, 55°for 10 sec, and 60°for 4 min, followed by 4°until ethanol precipitation and subsequent analysis on an ABI 3100 Sequencer. Sequencing files were edited using Sequencher v.4.2.2 (Gene Codes). Comparison of these sequences to the A. baylyi was performed using the BLAST (blastn) algorithm (Altschul et al. 1997) .
Statistical analyses: To test for significance of heterogeneity of transformation frequency among nptI-tagged isolates per donor Acinetobacter strain, one-way analysis of variance (ANOVA) was performed on log 10 -transformed transformation frequencies using SYSTAT v.11 (SYSTAT Software). The ANOVA was followed by post hoc multiple comparisons (Tukey HSD adjustment) to locate the differences. Transformation frequencies below the limit of detection were excluded from statistical analyses. Multiple regression analysis was performed using SPSS v.13 (SPSS). Average transformation frequencies were log 10 transformed prior to analysis and included as the dependent variable. The three independent variables in the multiple regression (estimated global sequence divergence, based on trpE and mutS sequences, local sequence divergence, and chromosomal position (pos.) relative to the origin of replication) were centered and standardized before model estimation. Only those isolates having real values for all four variables were included in the analysis, thus excluding isolates having transformation frequencies below the limit of detection, as well as those with no BLASTidentifiable homology to the ADP1 genome.
Relative fitness measurements and calculations: Pairwise competition experiments were used to estimate the relative fitness of transformants. Each competition was performed in triplicate with independent starting cultures. Colonies were inoculated into 3-ml S2 minimal medium ( Juni 1974 ) with 2% lactic acid and incubated overnight (37°, 225 rpm). These cultures were then diluted 1:10 in 0.9% NaCl, and equal quantity of each competitor (150 ml) was transferred into 2.7-ml prewarmed S2 media supplied with 0.1 mg/ml DNase. A 100-ml sample of the mixture was immediately taken to determine the initial cell density of the two competitors (N 0 ). The mixed culture was then incubated for 24 hr at 37°, 225 rpm. The culture was diluted and plated onto LB agar (with or without 25 mg/ml kanamycin) to estimate the final cell density of the two competitors (N 1 ). From the initial and final densities, the population growth of each competitor, known as its Malthusian parameter (Lenski et al. 1991; Rozen et al. 2007) were determined using the equation M ¼ ln (N 1 /N 0 ). The relative fitness of each isolate is ratio of the Malthusian parameter of the transformant to that of the A. baylyi isogenic km s strain. Statistical tests were performed with SPSS (v.15) software. For the theoretical predictions of the potential effects of reduced fitness on transformation frequencies, the following equation was used: Levin et al. 1997) .
RESULTS
Sequence divergence within the Acinetobacter spp. donor collection: The 16S rRNA data gave 3.2-5.4% divergence levels of the donor strains from the recipient strain, indicating that all donor strains belonged to different species than the recipient A. baylyi (Table 1) . The Acinetobacter spp. donor isolates were 23.9-26.5% sequence divergence at the housekeeping gene level from the recipient A. baylyi strain on the basis of a comparison of 3331 bp DNA sequence obtained from the mutS and trpE genes. Between all strains, the divergence was between 0.1 and 27.2% (Table 1 ). The representativeness of the mutS and trpE genes of overall housekeeping gene divergence was assessed by a comparison of the sequence divergence estimates obtained for these two alleles with divergence estimates obtained for 20 other genes, all compared to the sequenced A. baumannii AYE strain. For the 10 genes selected due to their use in MLST analyses (providing a conservative estimate), divergences ranged from 14.2 to 29.1% (mean divergence 19.1%). For the 10 randomly identified genes, sequence divergence ranged from 21.5 to 34.4% (mean divergence 27.4%).
Characterization of the Acinetobacter spp. nptI insertion events: AB Biodisk E-tests confirmed kanamycin sensitivity for all 20 wild-type Acinetobacter strains and recipient strain ADP1 Rp R with minimal inhibitory concentrations ,32 mg/ml kanamycin (data not shown). In contrast, all nptI-tagged isolates generated from these wild-type strains were resistant to .64 mg/ml kanamycin. To confirm the presence of the nptI gene in each isolate, a 675-bp internal fragment of the nptI gene was amplified by PCR (no PCR product was obtained with untagged strains; data not shown). Southern hybridization analysis of EcoRI-digested genomic DNA, using a DIG-labeled nptI probe, revealed positive hybridization signals for all km R isolates. None of the wild-type DNA samples produced a hybridization signal (data not shown).
Determination of the nptI flanking sequences in donor isolates: A summary of the donor isolates used, the identified nptI insertion loci and transformation frequencies is given in Table 2 . For seven additional transformants obtained, discrepancies between rightand left-border sequences when compared to ADP1 sequence precluded their inclusion in the final analysis. Two of these seven excluded isolates transformed ADP1 Rp R at high relative frequencies (.1 3 10 À7 transformants per recipient). BLAST analysis (Altschul et al. 1997 ) of the nptI-flanking sequences in these isolates identified either high similarity to nonneighboring regions in the ADP1 genome or to the ADP1 genome only on one side of the nptI gene insertion. Insertion-deletion events (de Vries and Wackernagel 2002; Prudhomme et al. 2002) or differences in gene content and synteny between donor and recipient may explain these observations.
Effect of DNA sequence divergence on transformation frequency in A. baylyi ADP1: The different individual nptI insertion events created in the divergent species and one isogenic Acinetobacter strain were used to transform the naturally competent A. baylyi ADP1 Rp R (Figures 1 and 2 ). The transformation frequencies are shown in Table 2 . The highest, statistically robust transformation frequency observed for a single isolate was 6.8 (66.0) 3 10 À6 with donor DNA from isolate 8 of A. calcoaceticus AZR54, which has an estimated divergence of 24.1% from ADP1. Although this was the highest heterogamic transformation frequency measured, it was still $150-to 300-fold lower than homogamic transformation frequency (Table 2 ). The range of transformation frequencies between the randomly tagged km R isolates for each parent strain ranged from a 1.5-fold difference between the highest and the lowest frequencies (A. sp. AC511B, 2 isolates) to a .9100-fold difference (A. calcoaceticus AZR583, 8 isolates) (Table 2; Figure 3 ).
Locus-specific effects on transformation in strain ADP1: The 95 transformants for which the nptI flanking DNA sequences were obtained in this study GenBank accession nos. of the sequences are for mutS: GQ178025-GQ178043 (Strain AC423D; AF400585), for trpE: GQ178006-GQ178024, and for 16S rRNA GQ178044-GQ178062. Location in ADP1 genome with BLAST-identified similarity (standard blastn algorithm against bacterial databases using low complexity filter, expect value of 10, and word size of 11) to the sequenced flanking regions of the nptI insertion. Gene designations of insert locations and BLAST-identified similarity are given with reference to the A. baylyi ADP1 genome (Barbé et al. 2004) . IR, intergenic region.
d
Nucleotide identities/total nucleotides; each ratio represents one BLAST-identified homologous segment.
can be roughly categorized into four groups. The first group consisted of isolates that had high local flanking gene similarity to A. sp. ADP1 (as determined using the BLAST algorithm) (Altschul et al. 1997 ) and transformed ADP1 Rp R at relative high frequency (.1 3 10 À6 ). Of these, the highest transformation frequencies were observed for isolates with nptI insertions in ribosomal RNA (rrn) operons: A. sp. 01B0, isolate 2; A. sp. 63A1, isolate 7; A. sp 81A1, isolate 2; A. sp. AZR54, isolate 8; and A. calcoaceticus AZR583, isolate 9. Exceptions were A. calcoaceticus AZR583, isolate 4, which transformed ADP1 Rp R at a frequency of 2.8 (60.4) 3 10 À6 at tufA (encoding the protein chain elongation factor EF-Tu; ACIAD0885) locus; and A. sp. 26B2, isolate 3, which contained an nptI insertion in an rrn operon (ACIADrRNA23S), but transformed strain ADP1 Rp R at an average frequency of 1.5 (6 0.6) 3 10 À8 .
The second category consisted of 8 isolates with no BLAST-identifiable similarity to ADP1 that transformed ADP1 Rp R at low or undetectable frequencies: A. sp. 48A1, isolate 4; A. sp. 62A1, isolate 1; A. sp. 66A1, isolate 3; A. sp. 71A1, isolate 3; A. sp. A06, isolate 4; A. calcoaceticus AZR583, isolate 1; and A. sp. P1-6, isolates 5 and 8. This result is not unexpected and corroborates previous studies demonstrating the necessity of sequence similarity between donor and recipient for transformation (Shen and Huang 1986; de Vries and Wackernagel 1998; Nielsen et al. 2000; de Vries et al. 2001; Majewski 2001; Kay et al. 2002; Tepfer et al. 2003) .
The third category consisted of 34 isolates with BLAST-identifiable similarity to ADP1 that transformed ADP1 Rp R poorly. For these isolates, the presence of regions with DNA sequence similarity (.75%) to ADP1 was insufficient to facilitate recombination at frequencies substantially higher than the limit of detection (,10 À9 ). Fourteen of these 34 isolates did not transform ADP1 Rp R at detectable frequencies. The fourth category consists of 5 isolates that transformed ADP1 Rp R at detectable frequencies but without any BLAST-identifiable sequence similarity to ADP1: A. sp. 62A1, isolate 4; A. sp. 81A1, isolate 1; A. sp. A06, isolates 1 and 8; and A. sp. P1-6, isolate 10. With the exception of A. sp. 62A1, isolate 4 (transformation frequency of 1.2 6 0.1 3 10 À7 ), these isolates transformed ADP1 Rp R at frequencies ,3.0 3 10 À8 . In our study, the recombination joints lie in most cases outside of the sequenced flanking DNA region. The acquired donor DNA present in the transformant populations may span several thousand base pairs (beyond the nptI locus) since genomic DNA fragments were used as the donor DNA source. Previous studies of the size of DNA fragments integrated during transformation in Acinetobacter sp. (Palmen and Hellingwerf 1997) and B. subtilis demonstrated that larger fragments (up to several thousand base pairs) integrate at high frequencies. Multiple regression analysis also showed that global sequence divergence does not contribute significantly to the observed variation in transformation frequency (Table 3) . According to the same multiple regression analysis, both local sequence divergence and chromosomal position (relative to the origin of replication) are significantly negatively correlated to transformation frequency and account for 7.6 and 9.2% of observed variation, respectively (Table 3) .
Influence of the DNA metabolism on heterogamic transformation frequency: To determine how selected cellular components affect homologous and heterologous transformation, we used several mutant A. baylyi strains as recipients in transformation experiments as listed in Table 4 . A recA mutation decreased the homologous recombination frequency $1000-fold when using donor DNA from an isogenic strain. With a heterogamic donor DNA source, the decrease relative to wild type was also 1000-fold. Exonuclease RecBCD deficiency led to an $10-fold decrease in transformation frequency during transformation with homologous DNA (in accordance with previous reports; Kickstein et al. 2007; Harms and Wackernagel 2008) . The decrease relative to wild type was approximately the same with different sequence-divergent donor DNA preparations (Table 4) . Mutations in the recJ, sbcCD, and ruvC genes (encoding the RecJ exonuclease, SbcCD DNase, and Holliday junction resolvase, respectively) had little effect on homologous or heterologous transformation. In a strain with MutS deficiency (mutator phenotype), the heterologous transformation frequencies with different donor DNA preparations were increased 50-to 100-fold relative to wild type, while the homologous transformation frequency was indistinguishable from that of the wild-type strain. An increase of recombination in mutator strains has also been observed previously in interspecies HGT (Rayssiguier et al. 1989; Zahrt et al. 1994; Humbert et al. 1995; Young and Ornston 2001) . The observations suggest that .98% of the heterogamic recombination events are prevented by the DNA mismatch repair system. Absence of effect of minor variation in DNA concentration on transformation frequency: The ADP1 Rp R strain was transformed with different concentrations of donor DNA from four individual strains and insertion events (63A1, isolate 6; 66A1, isolate 1; AZR54, isolate 5; and ADP1, isolate 5). The concentrations of DNA ranged from 10 ng to 50 mg per 1.0 3 10 8 competent recipient cells. Saturation of the transformation frequency for all donor strains occurred at DNA concentrations #10 mg (data not shown) indicating that minor variations in DNA concentrations would not affect the number of transformants recovered.
Absence of mutagenic effect of DNA in the transformation process: The uptake of heterologous donor DNA may hypothetically have a mutagenic effect that could impact the transformation frequency (Bull et al. 2000) . Over several years of study, we have never observed spontaneous mutation to km R (50 mg/ml) in the recipient strain BD413 (isogenic to ADP1) (Nielsen et al. 1997; . Moreover, the absence of mutagenic effects of added DNA sources were also demonstrated by the fact that the frequency of mutation to rifampicin resistance was not significantly different (P . 0.05) among ADP1 cells after treatment with saline, ADP1 wild-type DNA, herring sperm DNA, or after treatment with strain KTG (km R ) DNA as positive control (data not shown).
Noninterference of rif R marker in detecting km R transformants: The donor DNA isolates were km R , but rifampicin sensitive, a simultaneous recombination at the mutant rpoB (rif R ) host locus during transformation employing ADP1 Rp R as recipient strain would therefore result in transformants that were km R (nptI positive) but rifampicin sensitive. Such transformants would be excluded from the transformant counts as all transformants were selected on media containing both kanamycin and rifampicin, which would result in an underestimation of recombination frequencies. We identified strains with km R insertions in genes that have homologous counterparts that are most closely located upstream and downstream of the rpoB locus of A. baylyi ADP1 (ACIAD0307, pos. 302,457-306,545; Figure 2 ) which were A. sp. P1-6, isolate 4 (argH, pos. 281,279-282,712 ; $20 kbp upstream of rpoB), and A. sp. 85A1, isolate 3 (ACIAD0526, pos. 511, 096 ; .200 kbp downstream of rpoB), respectively (Table 2, Figure 2) . Transformation of A. baylyi ADP1 Rp R by DNA of either of these strains did not result in significantly (n ¼ 3, P . 0.4 for both experiments) different transformation frequencies for selection for km R and rif R , or km R alone (data not shown). Moreover, transformation assays using ADP1 Rp R competent cells as recipient and five additional different donor DNA sources (A. sp. AC423D, isolate 5; A. sp. 62A1, isolate 5; A. sp. 81A1, isolate 2; A. calcoaceticus AZR583, isolate 9; and A. baylyi KTG), demonstrated no significant difference (n ¼ 3, P . 0.20 for all samples) between selection on media with and without rifampicin (data not shown). The distribution of transformation frequencies across the entire length of the A. baylyi genome does not suggest a specific rpoB interference on frequencies (Figure 2) .
Fitness effects of nptI acquisitions in transformants: The recombination with nptI sequences inserted at various loci in the donor genomes could potentially lead to reduced absolute fitness by causing lethal or severe growth rate reducing effects on the transformant ADP1 cells and introduce bias in our observations. However, the total number of recipient cells remained constant over all experiments and slow-growing colonies were rarely seen on the nutrient-rich media used for plating transformants. The bacterial cells grow only 6-8 generations (10 8 to $10 10 cells) in competition during the filter transformations. The limited number of cell divisions taking place in growth competition before plating of single colonies will thus not cause reductions in the relative fitness of transformants (vs. the recipients) to dictate the recombination frequencies measured. For instance, a 30% reduction in relative fitness (of transformants compared to recipient strain) would produce a ,10-fold difference in the transformation frequencies observed (see materials and methods). This estimate is based on a model of constant selection in a mixed population of transformants and recipients (Levin et al. 1997) , with the following parameters: transformants have a 30% (s ¼ 0.30) fitness cost as compared to the recipient, an initial frequency of 1 3 10 À7 (q 0 ), and undergo 6.7 generations (t) of binary fission in transformation assays before growth of individual cells on selective media. The bacteria undergo between 3.3 and 6.7 generations on the filter (as calculated from a 10-to 100-fold observed increase in total CFU). However, transformants arising in the later part of the transformation period will be even less affected by relative fitness differences. Experimental measurements showed that nine independent transformants had a mean relative fitness of 0.87 (CI 0.80-0.95). The mean relative fitness ranged from 0.61 (CI 0.56-0.67) for isolate 3, strain AZR54; 0.92 (0.87-0.97) for isolate 4; and 0.94 (CI 0.87-1.0) for isolate 8, strain AZR583. Previous studies have reported a mean 3% reduction in fitness for Tn10 insertions in the E. coli genome (Elena et al. 1998) . Table 2 ). Error bars represent 95% confidence interval of all replicates per isolate. Oneway ANOVA of all 8 isolates demonstrated significant heterogeneity at the 95% confidence level (P , 0.001).
TABLE 3
Multiple regression analysis determining the contributions of estimated global sequence divergence (global SD), local sequence divergence (local SD), and chromosomal location relative to the origin of replication (location) to observed variation in transformation frequency (dependent variable) We have demonstrated that A. baylyi ADP1 can, through natural transformation, access DNA from a range of related bacterial species, with estimated chromosomal DNA sequence divergence up to 27% (on the basis of the mutS and trpE loci), and that the gene transfer potential and, hence, sexual isolation varies up to almost 10,000-fold, depending on the genome location of the selected locus. The frequency range reported here (Table 2 ) is unlikely to represent the full variation among loci and species due to the limited number of insertion events examined. Some loci from divergent species transferred into the ADP1 strain with frequencies only 150-to 300-fold lower than the frequencies observed for transformation between isogenic ADP1 strains (Table 2 ). In contrast, the presence of the nptI gene in other loci did not facilitate its transfer into A. baylyi ADP1 at detectable frequencies (detection limit approximately one transformant per 10 10 recipients). The broadest range observed was for A. calcoaceticus AZR583, (9 isolates compared), for which transformation frequencies ranged from below detection limit (,3.4 [60.5] 3 10 À10 , isolate 3) to 3.1 (60.2) 3 10 À6 transformants per recipient (isolate 4), a difference of almost 10,000-fold (Figures 1 and 2) . Our results show that local sequence divergence and chromosomal position (relative to the origin of replication) together account for only 17% of variation in transformation frequency (R ¼ 0.415, R 2 ¼ 0.172, Adjusted R 2 ¼ 0.131). Previous studies have applied single-locus transfer models to establish a log-linear relationship between increasing DNA divergence (between species usually ,20% divergent at the transferred locus) and reduced gene transfer frequencies (Vulic et al. 1997; Majewski et al. 2000) . Such studies may not fully predict the potential of horizontal transfer of genes situated in different genome regions of more divergent bacterial species (.20%). Our study suggests that the recombination potential between particular loci of divergent but related species depends upon the genetic properties of the ,5000 to .20,000 bp of DNA sequence spanning the loci in consideration.
The 1000-fold decrease of heterogamic transformation in a recA strain suggests that the homologous recombination machinery facilitates the recombination events observed in our study. RecA initiates recombination by facilitating strand exchange at identical or highly similar DNA segments (20-27 bp; minimal efficient processing segments, MEPS) (Shen and Huang 1986; Majewski et al. 2000) .
The highest heterogamic transformation frequencies were, in our study, obtained for markers integrated in highly conserved genes (e.g., genes of the protein biosynthesis apparatus like rrn operons, tuf, and rimm; Table 2 ), in all of which the number of MEPS is probably higher than at less conserved loci. Six of the 95 isolates tested contained nptI insertions in an rrn operon. The A. sp. ADP1 genome contains seven rrn operons, two of which are within immediate flanking proximity of the strain ADP1 origin of replication [at $22,000 bp and 3,560,000 bp (Figure 2) ]. High transformation frequencies {.10 6 , except for strain 26B2, isolate 3 [1.5 (60.6) 3 10 À8 ]} were obtained when recombination occurred in an rrn operon. Sequence conservation of rrn genes among diverse bacterial lineages suggests high recombination potential between them when present in multiple copies and if individual copies are expendable (Wilson and Young 1972; Cole and Saint-Girons 1994; Strätz et al. 1996) . Multiple regression analysis of 65 of the nptI-tagged isolates tested in this study corroborate earlier hypotheses that genes located closer to the origin of replication may have higher transfer potential. This result is unsurprising as sequenceconserved housekeeping genes are often clustered within close proximity to the origin of replication Wild type 1.0 6 0.4 1.0 6 0.3 1.0 6 0.5 1.0 6 0.2 recA 0.0003 6 0.0002 0.0001 6 0.0001 ND ND recBCD 0.10 6 0.06 0.06 6 0.02 #0.09 0.2 6 0.3 recJ 0.9 6 0.3 0.8 6 0.5 1.1 6 0.5 1.2 6 0.5 sbcCD 0.9 6 0.5 0.6 6 0.3 1.5 6 0.5 0.8 6 0.4 ruvC 0.8 6 0.2 0.4 6 0.2 0.5 6 0.2 1.5 6 1.0 mutS 0.8 6 0.4 48 6 16 90 6 75 124 6 10 a Strain ADP1200-2 is isogenic to ADP1 except for a chromosomal insertion providing km R . Transformation frequencies obtained using 100 ng ml À1 donor DNA for wild type were (2.1 6 0.9) 3 10 À3 (ADP1200-2), (3.3 6 1.4) 3 10 À7 (AZR54, isolate 8), (8.5 6 4.0) 3 10 À9 (AZR54, isolate 4), and (3.3 6 0.6) 3 10 À8 (AZR583, isolate 4), respectively. All values are means with standard deviations from 3 to 5 experiments. ND, not determined. (Suvorov and Ferretti 2000; Brassinga et al. 2001) . A biased distribution of DNA uptake sequences toward particular housekeeping genes in bacteria with sequence specific uptake may cause similar effects (Davidsen et al. 2004) . The observed slightly skewed distribution of recombination efficiency in our study may also be due to the ori V-distal location of large catabolic islands in the ADP1 strain, which may be specific to the recipent strain used (Barbé et al. 2004 ) and therefore do not provide opportunities for homologous recombination between other strains.
The local sequence divergence of the regions immediately flanking the nptI insert in the donor isolates was determined after sequencing and alignment with corresponding regions in the published ADP1 genome (Barbé et al. 2004) . In general, we observed that high similarity between donor and recipient most commonly occurred as shorter subgenic homologous regions of variable length and similarity (Table 2 ). Recombination joints in three isolates (obtained with DNA from A. sp. A06, isolate 10; A. sp. AZR54, isolate 8; A. calcoaceticus AZR583, isolate 9) were identified within the 500 bp sequenced (data not shown). Surprisingly, further examination of our data indicates that the recombination joint lies far from the selected nptI insert in the majority of the transformants. Extensive primer walking has shown that the lengths of the acquired heterologous DNA fragment often extended .3000 bp and some integration events extends above 15,000 bp (O. G. Wikmark, K. Harms, J. Ray, K. M. Nielsen, unpublished results) . Thus the predictive role of sequence similarity (in immediate flanking DNA regions) for the interspecies transfer potential of a particular gene may be less obvious, and is likely to vary substantially among transformable species and donor loci Linz et al. 2000; Falush et al. 2001) .
The extent of conservation of DNA sequence composition and gene order may be uneven across the bacterial donor genomes used in our study, reflecting variation in evolutionary history, directional selection, and intra-and intergenomic recombination (Lawrence 2002; Fraser et al. 2009 ). The genetic complexity of such recombining regions (.15 kb) caused by a combination of (i) variation in insertion lengths where also the initial (multiple) DNA synapses formation may differ from the final recombination junctions, (ii) variable DNA sequence similarity and GC% over the recombination area, (iii) variable extent of maintained gene order patterns and conservation, (iv) frequent occurrence of local inversions and frame shifts, and (v) potential lethal effects of host fitness of some of the recombination products (that may be determined by the size of the recombined regions that can vary randomly according to the size of the incoming DNA molecule) precludes an in-depth mechanistic analysis and unambiguous identification of a single factor governing sexual isolation in bacteria.
In conclusion, the presented data provide experimental evidence that only defined regions of a bacterial chromosome are susceptible to recombination between a particular recipient and donor bacterial species of .20% divergence.
